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Abstract—The features of the extraction technology for the separation of rare-earth elements (REEs) of the
yttrium group are considered with regard to the sharp reduction in the price of individual oxides. The price
reduction has the same nature as the low prices of lanthanum and cerium oxides and is associated with a pre-
dominant increase in the consumption of praseodymium and neodymium and a slow increase in the con-
sumption of other REEs, with the exception of terbium and dysprosium. Since all REEs are extracted from
rare-earth concentrates, less in demand ones are stored or sold at very low prices. Elements such as samarium,
europium, gadolinium, and dysprosium are used in high-tech instruments and devices. In this case, it is pos-
sible to allow the operation of low-profit production, but technological solutions must certainly be built tak-
ing into account the minimum costs and be the most economically effective. The authors propose a technol-
ogy for separating elements of the yttrium group including the stages of isolation of yttrium in a single-stage
mode by extraction with a mixture of three extractants (25 vol % trialkylmethylammonium nitrate—20 vol %
tributyl phosphate—20 vol % higher isomeric carboxylic acid), followed by separation of the triad of elements
samarium—europium—gadolinium by extraction with organophosphoric acids (30 vol % solution of di-2-eth-
ylhexylphosphoric acid or 30 vol % solution of bis(2,4,4-trimethylpentyl)-phosphinic acid). In the last oper-
ation, concentrates of the yttrium group REEs are isolated simultaneously. The process is carried out in the
mode of complete internal irrigation using a 30 vol % solution of bis(2,4,4-trimethylpentyl)-phosphinic acid
as an extractant. First, all cells of the cascade are filled with the initial solution. Separation zones are formed
in the cells of the cascade with the accumulation of terbium—dysprosium, holmium—erbium, and thulium—
ytterbium—lutetium concentrates. After the accumulation of products, the solution of concentrates is drained
from the cells and the process starts again. If there is a need for any element of the yttrium group, the corre-
sponding binary or ternary concentrate is separated to isolate the required element.

Keywords: rare-earth elements, yttrium group, extraction, mixtures of extractants, alkyl phosphoric acids,
separation, nonstationary mode, accumulation of rare-earth elements in cascade cells
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Owing to the fact that many rare-earth elements
(REESs) of the yttrium group have unique properties
and are in demand in industry, researchers focus
increased attention on their separation, especially the
isolation of yttrium [1] as a metal widely used in a vari-
ety of industries. Organic compounds are used as
extractants, in particular, carboxylic acids of various
structures [2]. The latter is due to the fact that the dis-
tribution coefficient of yttrium during extraction with
carboxylic acids shifts to the region of neodymium—
samarium [3—5], and yttrium can be separated from
most rare-earth elements. Work continues on the iso-
lation of yttrium by extraction with tributyl phosphate
(TBP) from rhodanide media to obtain yttrium con-
taining 99.9% of the basic substance [6]. Extraction
systems based on carboxylic acids and a complexing
agent in the aqueous phase have a disadvantage asso-
ciated with a low concentration of REEs in the aque-

385

ous phase [7]. Extraction with organophosphorus
acids is free of this drawback [8§—12]. In [13, 14], the
results of synthesis and the parameters of extraction
with a new branched alkylphosphinic acid are pre-
sented as applied to the separation of REEs of the
yttrium group. Liquid extraction with di-2-ethylhexyl-
phosphoric acid (D2EHPA) was used to isolate a
group of elements, namely, samarium, europium, and
gadolinium, from monazite, followed by obtaining
oxides of individual elements [15]. Significant efforts
of researchers are aimed at finding more selective sys-
tems, in particular, based on the use of mixtures of
extractants with a synergistic effect [16—18] and ionic
liquids [19, 20].

Rare-earth elements of the yttrium group are much
less common in rare-earth concentrates and are mined
in smaller quantities, but their properties are so unique
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Fig. 1. Volume of possible sales of each of the elements iso-
lated from 100 kg of yttrium concentrate (obtained from
apatite).

that it would be impossible to develop modern high-
performance materials and equipment without them.
At the same time, there is an excess of available capac-
ity and slow growth of demand for rare-earth elements
of the yttrium group. The latter conclusion is perfectly
confirmed by the long-term decrease in the price of
oxides of all elements of the yttrium group [21]. It is
known that the profitability of the REE separation
technology provides a high recovery (99%) of praseo-
dymium and neodymium with a basic substance con-
tent of 99.95-99.99 wt % [22]. Preliminary calcula-
tions show that the complete separation of the ele-
ments of the yttrium group is generally unprofitable.

Figure 1 shows the share of realization of each indi-
vidual REE isolated from 100 kg of Sm—Lu + Y con-
centrate (isolated from apatite). It can be seen that,
despite the significant content of yttrium in the con-
centrate (more than 44%), the sales volume from the
extraction of yttrium will be only 2—3%. At the same
time, while the content of terbium and dysprosium is
10%, their sales volume increases to 76% of the total
amount. In addition, it should be noted that terbium
and dysprosium have the highest liquidity.

Despite the rather high content of yttrium in the
concentrates under consideration (up to 40—70%), the
volume of possible sales of yttrium is insignificant. To
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reduce costs, it seems appropriate to remove yttrium at
the first stage by single-cascade extraction with the
production of varietal yttrium oxide (99.9% of the
basic substance), simultaneously reducing the volume
of processed REEs in half. Small batches of concen-
trates of the yttrium group elements should be com-
bined and organized for the separation of these ele-
ments with a capacity of 400—500 t/year (more than
100 t/year). With separation of >500—600 t/year of
yttrium REEs, it is feasible to base the separation pro-
cess on the standard countercurrent extraction with
successive isolation of all elements, which ensures a
sufficiently high productivity. If there is a need to pro-
cess 50—100 t/year of concentrate to obtain elements
that are in demand by the consumer but in a small
amount, the proposed technological solutions should
be optimized to maximally reduce the costs. In this
case, it is reasonable to first extract binary rare-earth
concentrates, which are then subjected to separation
to obtain the required individual oxides. The solution
of the problem is best approached by technologies
with a nonstationary mode and accumulation of ele-
ments or concentrates in the cascade cells.

In this paper, we consider a technology for the sep-
aration of small amounts of yttrium REEs (50—
100 t/year) with the isolation of binary or ternary con-
centrates. The initial concentrate was obtained by the
separation of REEs isolated from apatite along the
neodymium—samarium interface. The concentrate
contains all elements from samarium to lutetium,
including yttrium. The technological scheme is based
on the sequential isolation of yttrium first to reduce
the amount of rare-earth elements subjected to further
separation. At the next stage, a concentrate containing
samarium, europium, and gadolinium is isolated. This
decision is justified by the fact that the separation
coefficient between gadolinium and terbium is one of
the highest in this group of elements and reaches a
value of 3—4 for some systems. At the next stage, a ter-
bium—dysprosium concentrate is isolated with simul-
taneous isolation of holmium—erbium and thulium—
ytterbium—lutetium concentrates. Pure individual ele-
ments are recovered from the obtained concentrates
on the basis of the prevailing market conditions and
prices for certain elements.

EXPERIMENTAL
Experimental Technique

The following reagents were used: nitric acid,
ammonia, oxalic acid, calcium nitrate of chemically
pure grade, and extractant tributyl phosphate (corre-
sponding to the technical standard TU 2435-305-
05763458—2001). Commercial D2EHPA was purified
from impurities according to the procedure described
in [23]. Trialkylammonium nitrate (TAMAN) and the
fraction of the higher isomeric carboxylic acid
(HICC-2) and bis(2,4,4-trimethylpentyl)-phosphinic
Vol. 63
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acid (Cyanex-272) contained more than 99% of the
basic substance. Technical hydrogen peroxide (A) of
chemically pure grade (GOST 177—88) was used for
the reduction of cerium.

Extraction was carried out according to the usual
method by shaking the organic and aqueous phases in
a separating funnel at a temperature of 20 & 2°C. The
total REE content was determined by precipitation of
oxalates followed by their roasting to oxides at ¢ =
800—850°C. The content of individual elements in re-
extracts and aqueous solutions was determined on a
Profile Plus spectrometer (Teledyne Leeman Labs,
USA) with inductively coupled plasma. After separat-
ing the elements of the cerium group, the yttrium REE
concentrate contained (wt %) 19.1Sm, 6.3Eu, 15.4Gd,
0.9 Tb, 9.1Dy, 0.9Ho, 2.7Er, 0.1Tm, 0.9Yb, 0.2Lu,
and 44.4Y.

During the separation of rare-earth concentrates,
these elements are concentrated together with yttrium
in an isolated fraction and are subjected to separation
in extraction cascades using mainly organophospho-
rus acids. D2EHPA has become the most common
owing to its availability. To reduce production costs, it
is reasonable to use phosphonic or phosphine deriva-
tives, for example, di-2-ethylhexyl ether of 2-ethyl-
hexylphosphonic acid (P-507, PC88A) or bis(2,4,4-
trimethylpentyl)-phosphinic acid (Cyanex-272). A
30—35% solution of alkyl phosphoric acid was applied
as an extractant. It appears preferable to use alkyl-
phosphonic acid because of the need to use less con-
centrated solutions of mineral acids for the re-
extraction of rare-earth elements from the organic
phase. Phosphinic acids complicate the process
because of the need to control the pH of the aqueous
phase.

Isolation of Yttrium

These extractants recover REEs with an increasing
distribution coefficient from samarium to lutetium.
According to its distribution coefficients, yttrium is
located in the region of holmium—erbium, which is
typical of ionic bonds. To separate yttrium from other
REEs within a single countercurrent cascade, a 25%
TAMAN-20% TBP—20% HICC-2 system in kero-
sene is proposed. Ammonia is added to the aqueous
solution to neutralize hydrogen ions. Table 1 shows the
results of the interfacial distribution of REEs during
extraction with mixtures of extractants from solutions
containing 154 g/dm? REEs (to oxides).

It can be seen from Table 1 that, during extraction
with TAMAN and HICC-2 mixtures for samarium,
europium, gadolinium, and terbium, there is a
decrease in separation coefficients with respect to
yttrium. During extraction with a ternary mixture of
extractants, this disadvantage disappears. The separa-
tion coefficient Bygr v varies within 1.8—2.2 depend-
ing on the experimental conditions, which is quite

RUSSIAN JOURNAL OF NON-FERROUS METALS

Vol. 63

387

Table 1. Separation coefficients of rare-earth elements with
respect to yttrium

Extraction system
REE 30% TAMAN— 25% TAMAN—
20% HICC-2 20% TBP—20% HICC-2
La 4.5 3.7
Ce 2.0 3.3
Pr 1.8 2.7
Nd 2.0 3.0
Sm 1.8 3.0
Eu 1.8 2.6
Gd 1.6 2.3
Tb 1.8 2.7
Dy 2.0 2.5
Ho 1.8 2.4
Er 2.1 2.4
Tm 2.1 2.3
Yb 2.7 2.0
Lu 2.6 2.1
Y 1.0 1.0

Table 2. Parameters of the separation process along the
REE—yttrium interface in the extraction part of the cascade

Content
of impurities

in Y,0;, r BREE/Y n Vorg Vit Vy
wt %
0.05 0.35 1.8 14 9.5:1:1.8
0.05 0.35 1.8 31 9.5:1:1.8
0.05 0.40 2.0 17 82:1:15
0.01 0.40 2.0 26 82:1:1.5
0.01 0.43 2.2 14 74:1:1.3
0.01 0.43 2.2 22 74:1:1.3

Vorg * Vin © Vy is the ratio of the volumes of flows of organic, ini-
tial, and washing solutions; I is the proportion of yttrium remain-
ing in the aqueous phase; and # is the number of steps.

acceptable for organizing an effective countercurrent
process with the production of yttrium with a basic
substance content of 99.9—99.99%. The separation of
the countercurrent cascade and the flow balance were
calculated in accordance with the recommendations
given in [24].

Table 2 shows the results regarding the effect of the
initial parameters on the number of steps and the
phase ratio in the extraction part of the cascade. It can
be seen that, to obtain yttrium with a basic substance
content 0f 99.95—-99.99% and a separation coefficient
Breryy = 2, the sufficient number of steps in the
extraction part of the cascade is 17—26.

No.4 2022
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Table 3. Indicators of the separation process along the
REE—yttrium interface in the washing part of the cascade

Content Content

of Sm—Lu of Y,04
concentrate |inthe Sm—Lu BREE/Y r n

in the organic | concentrate,
phase, wt % wt %

68.6 2 1.8 0.35 12
70.5 2 2.0 0.4 10
73.4 2 2.2 0.43 9
68.6 1 1.8 0.35 15
70.5 1 2.0 0.4 12
73.4 1 2.2 0.43 10

I is the proportion of pure Sm—Lu concentrate in the extract, and
n is the number of steps.

Table 4. REE distribution coefficients during extraction
with 30% solutions of D2EHPA and Cyanex-272

Extraction system
REE D2EHPA— Cyanex-272—
Ln(NO3);—HNO;, Ln(NO3);—HNO;,

Sm 0.06 0.03

Eu 0.07 0.05

Gd 0.10 0.10

Tb 0.29 0.23

Dy 0.49 0.45

Ho 0.93 0.83

Er 1.6 1.56

Tm 3.1 3.0

Yb 5.6 5.2

Lu 8.6 9.3

Y 1.2 1.41

Table 3 shows the results of the influence of various
parameters on the efficiency of the separation process
in the washing part of the cascade. The main task to be
solved in the washing part of the cascade is to maxi-
mally separate yttrium from other REEs but without
deteriorating the quality of yttrium in the raffinate. To
extract more than 99% of yttrium (the content of
yttrium in the Sm—Lu concentrate is 2%), 10—12 steps
in the washing part of the cascade are sufficient.

Isolation of Sm— FEu—Gd Concentrate

The technological scheme is built on the sequential
isolation of yttrium first to reduce the volume of rare-
earth elements subjected to further separation. Owing
to the fact that the price of individual elements is very
low, the isolation of these elements and their subse-
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quent sale do not ensure the profitability of produc-
tion as a whole. The separation of the samarium—
europium—gadolinium concentrate is simplified to a
large extent because of the high separation coefficient
Brv/Ga = 2.3—3.0 as a result of the manifestation of the

tetrad effect (filling of the 4f7 orbital in gadolinium).
Table 4 shows the distribution coefficients of the ele-
ments of the yttrium group during extraction with
organophosphorus acids D2EHPA and Cyanex-272.

During the extraction with D2EHPA, the concen-
tration of REEs in the aqueous phase was maintained
at 92 g/dm?® and the concentration of nitric acid was
maintained at 1.2 mol/dm?. When using Cyanex-72,
the initial aqueous solution containing nitrates of rare-
earth elements (100 g/dm?) with pH 4—5 was in con-
tact with the Cyanex-272 solution for 3 min. Simulta-
neously, the aqueous phase was mixed with an amount
of ammonium hydroxide equivalent to the amount of
REEs that passed into the organic phase. Owing to the
high separation coefficient, it is possible to add 10—
20 vol % TBP to the organic phase.

The use of a mixture of di-2-ethylhexylphosphoric
acid and TBP leads to a slight decrease in Br,/gq to
2.0—2.3, but the probability of precipitation in the
organic phase (solvation of extractable compounds by
TBP molecules) decreases, the working capacity of the
organic phase slightly increases (by 10—15%), and the
hydrodynamic parameters of the system improve
(phase separation rate, viscosity). Since the system
also contains heavy REEs (thulium, ytterbium, and
lutetium), it is advisable to use phosphonic acid as an
extractant.

It has been found that the distribution coefficient
increases in the series Sm—Eu—Gd—Tb (Table 4); the
REE concentration in the organic phase reaches
30 g/dm?; the separation coefficient BryGq ranges
within 2.1-2.9. It should be noted that the phases sep-
arate rather quickly, and at the chosen concentration
of nitric acid, the formation of neutral salts with pre-
cipitation is not observed. The main parameters of the
separation process along the Gd—Tb interface in the
extraction part of the cascade are given in Table 5.

The samarium—europium—gadolinium concen-
trate remains in the aqueous phase, while the yttrium
REEs from terbium to lutetium remain in the extract.
In the raffinate, it is important to obtain a product
containing less than 0.01% terbium and heavier REEs
for the subsequent isolation of gadolinium in a single-
cascade mode. With a separation coefficient Bry/q =
2.0—-2.2, the sufficient number of steps is 22—28.

The conditions for the extraction part must be
selected so as not to lose very valuable terbium and
dysprosium,; i.e., the content of terbium and dyspro-
sium should not exceed 0.05 wt %. In the washing part
of the cascade, it is important to remove europium and
gadolinium as best as possible to a content of less than
0.05%. The main parameters of the separation process
Vol. 63

No. 4 2022



RATIONAL TECHNOLOGY FOR SEPARATION OF RARE-EARTH ELEMENTS

in the washing part of the cascade and the results of
separation in the countercurrent mode are given in
Tables 6 and 7.

In the extract, a dysprosium concentrate is formed,
the isolation of which, along with terbium, determines
the economic feasibility of separating the REEs of the
yttrium group.

Separation of Terbium— Lutetium Concentrate.
Extraction of Concentrates in the Accumulation Mode
with the Obtainment of Three Products

The concentrate containing REEs from terbium to
lutetium is subjected to separation in the mode of
complete internal irrigation with the accumulation of
three REE concentrates in the cascade cells: terbium—
dysprosium, holmium—erbium, and thulium—ytter-
bium—Ilutetium in the extraction, middle, and washing
parts of the cascade, respectively. The calculation of
the process was carried out on the basis of the separa-
tion along two interfaces: dysprosium—holmium and
erbium—thulium. The residual amount of yttrium
from previous separations is distributed between hol-
mium and erbium. It is advisable to use alkylphos-
phonic acid as an extractant.

The cascade contains 60—70 steps. Containers in
which the released concentrates are accumulated are
attached to the cascade cells: closer to the raffinate
release, in the center of the cascade, and a few steps
before the extract release. A container for the accumu-
lation of terbium—dysprosium concentrate is con-
nected to steps 8—10, a container for the accumulation
of holmium—erbium concentrate is connected to steps
25—27, and a container for the accumulation of thu-
lium—ytterbium—lutetium concentrate is connected
to steps 45—46. At the beginning of the process, the
containers and cells of the cascade are filled with the
initial solution and the extractant. Ammonium
hydroxide or ammonium carbonate is introduced into
steps 2—3 before the raffinate is released to neutralize
excess amounts of hydrogen ions freed owing to ion
exchange. The process is carried out by extracting all
the REEs from the aqueous solution and returning all
the REEs to the washing solution cascade. Ammo-
nium hydroxide is introduced into the first step of the
extraction part of the cascade to neutralize excess min-
eral acid. The acid must be neutralized to such an
extent that gadolinium and lighter elements are com-
pletely extracted into the organic phase. The re-extract
is neutralized with ammonium hydroxide, evaporated,
and, after adjustment, sent to the cascade as a washing
solution. The washing solution is obtained from the
extract with added ammonium hydroxide or ammo-
nium carbonate to reduce the concentration of hydro-
gen ions to a minimum level, at which medium REE
salts does not yet precipitate (LnR;). This is 1.0—

1.5 mol/dm? of the nitric acid solution for D2EHPA
and 0.2—0.4 mol/dm? for phosphonic acid.
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Table 5. Parameters of the separation process along the ter-
bium—gadolinium interface in the extraction part of the
cascade

YTb—Lu
content v

in the raffinate, r Broca " Vore: Vin* Vs
wt %
0.50 0.35 1.8 17 8.5:1:1.8
0.50 0.40 2.0 14 71:1:1.5
0.10 043 2.2 16 6.5:1:1.3
0.01 0.40 1.8 38 8.5:1:1.8
0.01 0.43 2.0 28 71:1:1.5
0.01 043 2.2 21 6.5:1:1.3

I is the proportion of the Sm—Eu—Gd concentrate in the raffi-
nate; Voo : Vi 1 V5, is the ratio of the volumes of flows of organic,
initial, and washing solutions; and # is the number of steps.

Table 6. Parameters of the process of separation along the
terbium—gadolinium interface in the washing part of the
cascade

Content
of Tb—Lu Content
concentrate of impurities B r n
. : in Tb—Lu Tb/Gd
in the organic
concentrate, wt %
phase, wt %
42.6 0.05 1.8 0.35 | 21
45.2 0.01 2.0 0.35 | 21
47.6 0.05 2.2 0.40 | 16
42.6 0.01 1.8 0.40 | 28
45.2 0.05 2.0 043 | 19
47.6 0.01 2.2 043 | 18

I is the proportion of Tb—Lu concentrate in the extract, and # is
the number of steps.

Table 7. REE distribution in extract and raffinate

REE content, wt %

REE s:lllll?ii)ln raffinate extract
Sm 33.16 46.81 <0.02
Eu 10.94 15.44 <0.02
Gd 26.73 37.73 <0.02
Tb 1.56 <0.02 5.35
Dy 15.8 <0.02 54.19
Ho 1.56 <0.02 5.36
Er 4.47 <0.02 16.08
Tm 0.17 <0.02 0.58
Yb 1.56 <0.02 5.35
Lu 0.34 <0.02 1.16
Y 3.47 <0.02 11.91

No.4 2022
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Fig. 2. Distribution of REE concentrates over the steps of the cascade. (/) Tb—Dy, (2) Ho—Y—Er, (3) Tm—Yb—Lu.

At the start of the cascade, all chambers and all
containers are filled with the initial solution contain-
ing 80—100 g/dm? REEs and various amounts of min-
eral acids. The re-extracting solution contains 4.0—
5.0 mol/dm? nitric acid for D2EHPA and 2.0—
3.0 mol/dm? for alkylphosphonic acid. The organic
and aqueous phases flow in countercurrent. The cas-
cade cells accumulate rare-earth elements, the distri-
bution of which over the steps of the cascade is shown
in Fig. 2. The accumulation zone of dysprosium—ter-
bium occupies 15 steps, and the accumulation zone of
holmium—yttrium—erbium concentrate takes 16—
17 steps. After the accumulation of the corresponding
concentrates in the cascade cells, the supply of the ini-
tial solution is cut off, and the organic phase and the
washing solution are introduced into the cascade to
remove the REEs contained in the initial solution
from the central part of the cascade. The concentrates
are drained from the respective cells and the process
can be repeated again.

The resulting concentrates are further separated
with the segregation of the required individual ele-
ments, for example, terbium and dysprosium. Owing
to the fact that market needs can vary significantly,
individual concentrates can be stored, while other
concentrates can be sent to production to isolate pure
elements. This approach, in our opinion, provides the
most adequate response to the changing conditions of
a market economy.

The proposed technical solutions can be used to
separate yttrium elements isolated, for example, from
the concentrates of the Yakutsk Tomtor deposit, apa-
tite and loparite.

CONCLUSIONS

(1) A sequence of operations for separating ele-
ments of the yttrium group has been proposed that
includes the stage of yttrium isolation by extraction

RUSSIAN JOURNAL OF NON-FERROUS METALS

with a ternary mixture of extractants and the subse-
quent separation of concentrates: samarium—euro-
pium—gadolinium, terbium—dysprosium, holmium—
erbium, and thulium—ytterbium—lutetium.

(2) The technology of simultaneous extraction of
binary and ternary concentrates of rare-earth elements
terbium—dysprosium, holmium—erbium, and thu-
lium—ytterbium—lutetium in the mode of complete
internal irrigation has been considered.
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